The design, fabrication, and testing of several metamaterials that exhibit double negative (DNG) medium properties at X-band frequencies are reported. Double negative media are materials in which the permittivity and permeability are both negative. Simulation and experimental results are given that demonstrate the realization of DNG metamaterials matched to free-space. The extraction of the effective permittivity and permeability for these metamaterials from reflection and transmission data at normal incidence is treated. It is shown that the metamaterials studied exhibit DNG properties in the frequency range of interest.
I. Introduction
Several recent papers have exposed the usefulness of metamaterials that produce negative indexes of refraction [1] - [8] . Metamaterials (MTMs) denote artificially constructed materials having electromagnetic properties not generally found in nature. Examples include photonic band gap structures [2] , [9] and double negative (DNG) media [1] , [3] - [8] , i.e., MTMs having negative permittivity and negative permeability.
Pendry [3] has proposed the possibility that a DNG medium with a negative index of refraction might overcome known problems with common lenses to achieve a "perfect" lens, which would focus the entire spectrum, both the propagating as well as the evanescent spectra. Pendry's analysis followed much of the original work of Veselago [1] . Ziolkowski and Heyman [10] have elucidated the physics of wave propagation in DNG media and have shown that such a "perfect" lens is not realizable with any realistic MTM construct.
On the other hand, they demonstrated that waves in general DNG media focus in a paraxial sense along the propagation axis, i.e., they coalesce into localized beam fields that channel the power flow. The DNG slab can thus act like a convertor from a pulsed cylindrical or spherical wave to a pulsed beam.
Having indicators of the potential theoretical importance of DNG media, it becomes very desirable to design and fabricate MTMs that can achieve these properties. Several MTMs comprised of a substrate with embedded capacitively loaded strips (CLSs) and split ring resonators (SRRs) are considered here. These materials were designed with both ANSOFT's High Frequency Structure Simulator (HFSS) tools and finite difference time domain (FDTD) simulators. A variety of reflection (S 11 ) and transmission (S 21 ) results are given for the scattering of normally incident plane waves from MTM slabs that can be interpreted in terms of these slabs having effective negative permittivities and permeabilities. In particular, MTMs that exhibit DNG material properties matched to free-space are emphasized.
Two cases of MTMs, one in which the inclusions are non-planar and one in which they are planar, that were fabricated and then tested at normal incidence in the X-Band frequency regime are reported. Very good agreement between the simulation and experimental values of the S-parameters is demonstrated. Inversion formulas that allow the extraction of the effective permittivities and permeabilities from these MTM Sparameter results are then presented. Note that these MTM effective permittivities and permeabilities are derived to complement and to help explain and interpret the more rigorous HFSS and FDTD simulations and the experimental results. This extraction approach is applied first to a third MTM case that for normal incidence exhibits simplified transmission and reflection responses. This simplified MTM case is used to understand better what the effective permittivity and permeability results mean. The extraction formulas are then applied to the more complicated planar MTM case. Combining the S-parameter comparisons and the extraction procudure results, it is demonstrated that DNG MTMs have been designed and fabricated and exhibit the properties predicted by the HFSS and FDTD simulations.
II. Double negative media
The initial design of a DNG medium began with the concept of treating the electric and magnetic properties separately. In particular, the artificial material concepts reported in [11] - [18] were used. The first MTM case thus considered was the non-planar inclusion configuration shown in Fig. 1 . It was expected that the capacitively-loaded strips (CLSs) would produce strong dielectric-like responses. These inclusions (half of a Jerusalem cross) have been used previously in frequency selective surface and artificial dielectric applications (see, for instance, [19] - [28] ). Similarly, it was expected that the split ring resonators (SRRs) (a square version of the SRRs reported, for example, in [4] , [5] ) would produce strong magnetic material-like responses. The split ring resonantor (SRR) structures considered here consisted of two concentric square rings, each with gaps, and the gaps appearing on opposite sides. The non-planar concept was selected to isolate these inclusions and, hence, their electric and magnetic material properties as much as possible.
According to the analyses discussed in [11] - [18] , the CLS should provide a dielectric susceptibility response associated with a "lossless" electrically small dipole of capacitance C and length l 0 loaded with inductance L in an effective volume V . With the time dependence exp´jωtµ a Thévenin circuit model of the antenna and load yields the electric susceptibility
(1) where for normal incidence K e l 2 0 ´ε 0 V µ and the resonant angular frequency ω 0 1 Ô LC. Thus the CLS should produce a "lossless" Lorentz material (LM) type of behavior near f 0 ω 0 2π. Similarly, the SRRs should produce a magnetic susceptibility associated with a "lossless" electrically small loop of area A and inductance L loaded with capacitance C in an effective volume V . With the time dependence exp´jωtµ, a
Thévenin circuit model of the antenna and load yields the magnetic susceptibility:
where for normal incidence K h µ 0 A 2 V and again the resonant angular frequency ω 0 1 Ô LC. Thus the SRR should produce a "lossless" Two-Time Derivative Lorentz material (2TDLM) type of behavior near f 0 ω 0 2π. In particular, a magnetic 2TDLM is described by its magnetization field behavior in the time and frequency domains as
The result (2) is recovered with γ χ α χ β 0 and χ γ 1. The 2TDLM model reduces to the Lorentz model when χ β χ γ 0. A plasma frequency ω p is introduced to make the material constants χ α χ β χ γ unitless. Note that as ω ∞, the SRR's gap acts like a short and should produce a negative susceptibility [22] which agrees with Eq. (4). The result (2) agrees with the analysis of the SRRs given in [4] . Equations (1) and (2) indicate that one can potentially realize relative negative permittivities ε r ε ε 0 1 · χ e µ and permeabilities µ r µ µ 0 1 · χ m µ just beyond the resonant frequency f 0 with these types of inclusions.
We note that the use of inclusions to achieve negative permittivity materials was used early in the 1960's, e.g. see [27] , to simulate plasma media whose susceptibilities are given in the form of (1) with ω 0 0. The resulting electric susceptibility takes the lossy Drude model form and the plasma permittivity becomes:
This relation indicates that the permittivity will become negative at frequencies below the plasma frequency ω p ; hence, the resulting medium will become reflective there. Thus, the interpretation of the reflection properties of a FSS as resulting from a medium with an effective permittivity that is negative at the reflection frequency has been proposed and used in FSS design. A similar thought process was used in [16] to achieve an effective 2TDLM magnetic reflector.
If the negative permittivity and permeability values can be matched over a range of frequencies, the reflection coefficient of the slab is zero. In particular, recall that in free space the wave impedance is given by η 0 Ô µ 0 ε 0 , where the free-space permittivity and permeability are, respectively, ε 0 and µ 0 . Consider a semi-infinite medium with permittivity ε and permeability µ. At the interface between the slab and freespace, the reflection coefficient for normal incidence has the well-known form:
where the relative impedance η Ô µ r ε r . For a slab of finite thickness d of this medium, the reflection and transmission coefficients for plane wave scattering at normal incidence are given, respectively, by the S-parameters S 11 and S 21 :
where the transmission term Z exp´ jkdµ (9) Consequently, if the slab is matched to free space with η η 0 , then S 11 0 and S 21 Z. The identification of frequency regions where matching occurs is thus suggested when S 11 0 and S 21 1.
Double negative medium case 1
The MTM design process began with the desire to achieve CLS and SRR structures that would produce responses in the desired X-band region. Appropriately modified forms of the formulas given in [21] for the Jerusalem cross behavior were first used to obtain an estimate where the resonances of these structures would occur. These estimates dealt with the stripline widths, the gaps, the segment lengths and the periodicity of the elements. Because of the complex nature of the complete MTM with both the CLS and SRR structures present, it was expected that these initial estimates would only provide a rough approximation to the actual MTM behavior. An additional factor in the actual choice of the line widths and gaps was the suggestion that the best that I could do with some consistency as a novice with the required clean room etching process was approximately 5-10 mils (1 mil 0 001 in 2 54 ¢ 10 3 cm). In all the cases reported here, the line widths were 10 mils and the gaps were either 5 or 10 mils. Note that mil-units are quoted throughout as the standard because all of the fabrication processes were based on their use. Some useful conversion values are 100 mils 254 cm and at 10 GHz, in free space λ 0 3 0cm 1 181 mils and in a medium with ε r 2 2, λ m λ 0 Ô 2 2 2 12cm 835 2 mils.
The dimensions of the CLS and SRR structures were finalized using the HFSS software tools. Each simulation model consisted of a two-port waveguide consisting of a pair of both perfect electric conductor (PEC) and perfect magnetic conductor (PMC) walls. A slab of dielectric material was centered in the waveguide. The input wave was launched in free space towards the slab at normal incidence from each port.
All inclusions were located on or in the slab; they were treated as infinitesimally thin and, hence, as PEC boundaries with E tan 0. This model allowed the effective simulation of a semi-infinite slab with an infinite periodic array of inclusions illuminated by a normally incident plane wave. All of the capacitor strips of the CLSs were perpendicular to the PEC walls; all of the SRR structures were parallel to the PMC walls. All S-parameter values were calculated.
The HFSS finalized dimensions of the CLS and SRR structures are indicated in Fig. 1 . The CLSs were oriented with the main strip along the y-axis and the capacitor lengths along the x-axis. The SRRs lay in the yz-plane with the gap in the outer ring towards the source. The sizes associated with the CLSs were: every capacitor gap size was 10 mils and every line width was 10 mils; every CLS capacitor length was 130 mils, every CLS length was 140 mils, and the CLS period along the y-axis was 210 mils and along the z-axis was 150 mils. The sizes associated with the SRRs were: the outer square SRR side length was 100 mils, the inner square SRR side length was 70 mils, the distance between the inner and outer SRRs was 5 mils, and the SRR period between neighboring SRR centers in the y-direction was 110 mils and in the z-direction was 140 mils.
The slab was filled with a ε r 2 2 dielectric substrate. The complete non-planar structure consisted of 5
CLSs and 4 SRRs in the unit cell. The first (last) CLS lay on the front (rear) face of the dielectric slab. Thus the total z-length of the slab (in the direction of propagation) was 560 mils. With a λ-refinement based upon a target frequency of 20 GHz, discrete sweeps were run between 5 and 15 GHz. The number of tetrahedra used was 54807 and gave a variation in the S-parameters of ∆S 0 00458.
The HFSS predicted magnitudes of S 11 and S 21 de-embedded to the front face of the dielectric region for the full MTM structure are shown in Fig. 2 . Those for the same mesh with only the CLS inclusions (the SRRs were "turned off", i.e., the PEC boundary condition was not applied to them; hence, they were present in the geometry but they had no impact on the electromagnetic response of the structure) and only the SRR inclusions (the CLSs were "turned off") are given in Figs. 3a and 3b, respectively. From reflector behavior appears over a much narrower frequency range than does the electric response. Note that the phase of S 11 goes through zero at 9.635 GHz, hence, this SRR slab is responding like a PMC at that frequency. As shown in Fig. 2a and more closely in Fig. 2b , the composite MTM shows that there is matching over at least two narrow frequency bands near 9.8 GHz and 10.1 GHz. It is to be noted that when the CLS and SRR inclusions are combined together, they influence each other. If they were completely independent, one might have expected transmission in the entire band from 9-10 GHz where both the CLS and SRR responses show total reflectivity. Thus, both the CLS and SRR structures together impact the effective permittivity and permeability of the complete MTM. Note that simulations have shown that one could achieve basically the same SRR behaviour with a single split ring. Thinner line widths and longer lines produce higher inductances, while smaller gaps produce more capacitance. The size of a single split ring can thus be adjusted to produce a similar resonant frequency behavior. The presence of the second split ring in the current configuration acts as another capacitive loading to the outer loop and thus helps to reduce the resonant frequency without impacting the overall size of the inclusion. Similarly, the resonant frequencies of the CLSs are lowered with thinner strips to produce higher inductances and with larger capacitor lengths to produce more capacitance.
The CLS-only and the SRR-only versions of the non-planar MTM were fabricated. Because of the costs and fabrication issues involved with the original 125 mil Rogers Duroid substrate design, all of the inclusions were etched on sheets of the 31 mil 5880 Rogers Duroid. Spacers consisting of ε r 2 25, 125 mil thick polyethylene were used to fill the voids to come as close as possible to the specified design distances. Thus one layer of the CLS structure was actually 31+125=156 mils rather than the 140 mil design; one layer of the SRR structure was actually 31+2(125) = 281 mils rather than the 210 mil design. A jig was available to house a 5.1 in. x 5.1 in. block of the MTM. This block was constructed by etching the Duroid, cutting all the polyethylene and Duroid pieces as close to the specifications as possible, drilling prescribed alignment holes, stacking all the layers along a polyethene rod inserted through their alignment holes and then milling the combined results to form a smooth MTM block.
A free space measurement system was used to test the MTM block. It consisted of two X-band 8.6 cm The frequency regions where high reflectivity occurs in the CLS-only and the SRR-only MTMs are to be interpreted as those for which, respectively, the relative permittivity or permeability are negative.
Double negative medium case 2
Unfortunately, despite several conceptual attempts, it was decided that the complete non-planar MTM geometry could not be constructed given our laboratory's resources. Thus, another design was sought that was planar in nature, but had essentially the same inclusion shapes. The geometry of the resulting MTM unit cell is shown in Fig. 5 . In this case, all gaps and all line widths were 10 mils. The unit cell in the y-direction was 160 mils; the height of the CLS inclusions was 150 mils. The length of the full capacitive strips was 140 mils; the length of the half strips was 70 mils. The length of the outer SRR was 110 mils; the length of the inner SRR was 70 mils. The unit cell in the x-direction was 125 mils. There was a 10 mil distance from the front and back face of the dielectric, ε r 2 2, to the first and last, respectively, CLSs. The z-length of the dielectric substrate was 590 mils.
This structure was again simulated with the normal incidence unit cell PEC-PMC waveguide configuration in HFSS. With a λ-refinement again based upon a target frequency of 20 GHz, discrete sweeps were run between 5 and 15 GHz. The number of tetrahedra used was 19586 and gave a variation in the S-parameters of ∆S 0 00576. Because this structure is planar and more symmetric itself, fewer tetrahedra were required in this simulation series. The HFSS predicted magnitudes of S 11 and S 21 de-embedded to the front face of the dielectric region are plotted in Fig. 6 . There is clearly a regime where matching occurs which is zoomed in on in Fig. 7a . The corresponding phases are plotted in Fig. 7b . Matching occurs at 9.306 GHz, 10.142 GHz, and approximately at 10.904 GHz. The phases go to zero where the S 21 magnitude approaches one for the first two peaks.
This structure was also simulated with the commercial FDTD package produced by Ocotillo ElectroMagnetics [30] ; it is based on the FDTD solver described in [31] - [33] . The code was modified to adapt the 2TDLM absorbing boundary conditions to mimic the unit cell PEC-PMC waveguide geometry used in the HFSS simulations. Cubical cells with side length ∆ 5 mils were used in the FDTD simulations. A normally incident plane wave was launched from a total field/scattered field plane; the scattered electric fields were measured in front and behind the MTM slab. The total simulation space was 24 cells ¢ 32 cells ¢ 158 cells; the simulation was run for 20,000 time steps at a Courant value of 1.0. Some 80,000 time step runs at a Courant value of 0.5 were also made to double check the predicted behaviors. All of the smaller number of time step runs proved to be completely consistent with the larger total time step simulation results. The inclusions were treated as PECs on the faces of the cells. Thus, to achieve the desired symmetry in which the inclusions are centered in the simulation space, the distance in the x-direction was only 120 mils. Thus, some small differences between the HFSS and the FDTD results were anticipated. Nonetheless, the FDTD approach provides some complementary time domain information that was desired in understanding the physics of the MTM behavior.
The Thus, MTMs have been designed, fabricated, and tested and exhibit (at normal incidence) reflection and transmission properties that can be explained from the DNG media point of view, i.e., of having negative permittivity and permeability. However, these results themselves might be explained from other points of view. To provide a more definitive answer as to whether or not negative permittivities and permeabilities have been observed, the inverse problem of extracting effective material properties from the scattering data was considered.
III. Effective medium parameters
To extract effective medium parameters from the normal incidence scattering parameter data, the NicolsonRoss-Weir (NRW) approach, as described for instance in [34] - [38] , was implemented. While many of the difficulties discussed in the literature are associated with sample sizes and the need for care when they are near a multiple of a half-wavelength, other problems were encountered when trying to apply these techniques to the MTMs under consideration here. Recall the definitions of S 11 and S 21 given, respectively, by Eqs. (7) and (8) . The NRW approach begins by introducing the composite terms, (10) and deriving the following quantities
Consequently, one obtains from Eqs. (11) and (12)
The choice of the sign is selected to maintain the expected magnitudes of these terms, i.e., Z 1 and Using the same process, however, one can derive many other expressions for Γ and Z. Ones that could handle the current MTM cases were sought. For instance, one can obtain the transmission term Z as:
Similarly, one can obtain the interface reflection coefficient as:
From Eqs. (16) and (15) one can obtain the exact expressions
Assuming that the electrical thickness of the MTM slab is not too large, i.e., that k real d 1, and knowing that the complex wavenumber k ω Ô ε r µ r c k 0 Ô ε r µ r , one can write Z 1 j kd to obtain the approximate results for the wave impedance and permeability from Eqs. (17) and (18), respectively,
The permittivity and index of refraction can then be obtained simply as
The square of the wave impedance can also be obtained as
Because they avoid the square root issues, these expressions seemed to produce reasonable results for all the cases tested. Notice, however, that the combination of Eqs. (23) and (20) yields
This expression fails to reproduce the physically expected resonance features even though Eq. (20) (24) which yields
This expression shows explicitly that ε r and µ r should exhibit very similar responses when S 11 0. 
Double negative medium case 3
In order to test the extraction formulas, a simplified MTM test problem was designed. The resulting geometry is shown in Fig. 11 . The unit cell consisted of one SRR sandwiched between two pairs of CLSs. Ideally, it was desired to have only one SRR and one pair of CLSs. However, when these inclusions were positioned in the same plane, large couplings between them occurred that were not present when they were simulated alone. Their separation into the split configuration shown in Fig. 11 produced the simplest S-parameter responses. Other MTM cases such as two pairs of SRRs and only one CLS produced more complex behavior (e.g., two peaks instead of one). Note that with the symmetry walls, the actual configuration has two pairs of CLSs sandwiched between two SRRs. The dimensions of the inclusions were the same as in Sec. 2.2. The y-dimensions were all the same, the y-length of the slab being 160 mils. The z-length of the slab was thus only 290 mils. However, to further reduce the run times in the simulations and to remove potential issues for future fabrication efforts, the x-distance between any inclusion is 31 mils. Thus, the x-length of the slab was 93 mils. The smaller simulation space allowed for a finer ∆S value. The HFSS simulations of this MTM required 17,365 tetrahedra and produced a variation in the S-parameters of ∆S 0 000626 for the 20 GHz λ-refinement frequency.
The magnitudes of the HFSS-predicted values of S 11 and S 21 at normal incidence for this simplified cell MTM are shown in Figs. 12a and 12b . The response has been reduced to a single feature. The peak of this feature in S 21 occurs at 9.503 GHz, as shown in Fig. 12b . Applying Eqs. (20), (21), and (22) to these results, one obtains the real parts of the permeability and permittivity given in Fig. 13a , and the real and imaginary parts of the index of refraction given in Fig. 13b . As shown in Fig. 13a , the permittivity and permeability go through a resonance where S 21 peaks and have nontrivial negative values there. Moreover, as shown in Fig.   13b , the real part of the index of refraction is also negative there. The imaginary part of the index of refraction
is also given to demonstrate that the extraction process yields physical values, i.e., the imaginary part is less than zero. With many other versions of the extraction formulas, this does not occur. From Fig. 13a it is readily apparent why the structure would be reflecting slightly away from the matching point since the permittivity has large negative values there. The form of the curve for the permittivity except near the matching point resembles a Drude response; this metal-like description correlates nicely with the large negative values of the permittivity and the corresponding large reflectivity. The matching region around the peak of the S 21 curve is shown in Fig. 14a . As anticipated above, one can see that the agreement between the permittivity and permeability values is marginal there. Again, this is believed to result from the differences between the extraction formulas for ε r and µ r and their particular dependencies on V 1 and V 2 in that region. On the other hand, making use of Eq. (25), which is appropriate for S 11 0, to re-calculate the permittivity, one obtains the comparison shown in Fig. 14b . These results demonstrate a nice matching between the behaviors of the permeability and permittivity where S 21 1. Moreover, points on the high frequency side of where S 21 peaks correspond to where the permeability and permittivity and, hence, the index of refraction are most negative.
To understand the behavior of the corresponding CLS-only and SRR-only MTMs, the associated Sparameters were obtained from the corresponding HFSS simulations. The magnitudes of S 11 and S 21 for the CLS-only MTM are given in Fig. 15a ; the extracted real part of the permittivity is shown in Fig. 15b .
The Drude-like behavior mentioned above is very apparent. However, the expected Lorentz-like behavior near the matching point of the complete MTM was not apparent. With a finer discrete frequency sweep in that region, the extraction process shows the presence of small resonance features at 8.903 and 9.02
GHz, corresponding to the barely discernible features in the S 21 curve in Fig. 15a . It is believed that the presence of the SRRs in the complete MTM enhances the response of these resonance features to achieve the matching shown in Fig. 14b . Note also that the mentioned small features in S 21 indicate that this CLSonly configuration has some non-trivial magnetic properties to it as well. This would be expected since one planar pair of CLSs forms a ring with two splits and should respond to the presence of the magnetic field.
The corresponding magnitudes of S 11 and S 21 for the SRR-only MTM are given in Fig. 16a ; the extracted real part of the permeability is shown in Fig. 16b . The permeability has a strong resonance behavior around there. Thus, the SRR-only MTM can be characterized as a magnetic conductor in this region.
Note that it was hoped that the permittivity and permeability results would clarify which type of resonances were present in the data: Lorentz or Drude or 2TDLM. Unfortunately, not all the features present could be fit with a single model. Moreover, with infinitesimally thin PEC inclusions in the simulations, the loss terms in those models could not be used to help settle the issue. The 2TDLM model appeared to be the best approximation to the SRR-only MTM permeability results shown in Fig. 16b ; a 2TDLM model appeared to be the best approximation to the complete MTM permittivity and permeability results shown in 
Double negative medium case 2
Consider again the planar DNG MTM. Applying Eqs. (20) and (25) to the S-parameter results, one obtains the curves shown in Fig. 17 for the real parts of the permeability and permittivity. One can see that there are three regions of interest corresponding to the three peaks in the S 21 values. Applying a pole-residue identification approach to the FDTD data for this MTM [39] , one finds the presence of three strong poles where these peaks occur (using MATLAB 6.0, with the Signal Processing Toolbox and the System Identification Toolbox, the extraction followed an output-error model to identify the coefficients in a difference equation whose solutions yields the poles and residues, as shown in [40] ). On the other hand, the permittivity and permeability data indicates the presence of two strong resonance lines corresponding to the first and third peaks of S 21 . The first peak corresponds to a narrow resonance with a very strong matching of the permit-tivity and permeability behaviors. The third peak shows a much broader resonance with a weaker matching behavior. The second peak occurs where there is matching, but the permittivity and permeability behaviors are basically small and flat in their frequency response.
To show that matching has occurred at least at the first two resonances, the magnitude of η 2 µ r ε r obtained from the HFSS-generated S-parameters and from Eq. (23) is presented in Fig. 18 . The magnitude of S 21 is also provided for comparison. The impedance clearly goes through unity at the peaks of the transmission data showing matching occurs at least there.
The associated values of the real part of the index of refraction extracted directly from the HFSS Sparameter results are shown in Fig. 19a . The corresponding FDTD results are shown in Fig. 19b . These were obtained from the Fourier transform of electric fields generated in the 80,000 time step, 0. 
The values of n re were also obtained independently by D. Dudley. note that the index is indeed negative after the first material resonance location, passing through zero and becoming positive at the second peak of S 11 , until the second material resonance location is reached. This can occur only if both the permittivity and permeability are negative there. Before and beyond these resonances, the HFSS result is zero and the FDTD result oscillates about zero. Because of the strong correlation between the simulated and measured S-parameter results, the experimentally tested planar MTM, therefore, will also exhibit strong DNG properties in this region.
It is to be noted that the experimentally measured phase values were too noisy for a direct application of the extraction formulas to the experimental data. Even the phase data generated from the FDTD simulation results was too noisy. The extraction formula are very sensitive to any phase variations. Improved phase measurements and less sensitive extraction formulas are needed. Moreover, because these MTMs are anisotropic, they all need to be studied under oblique illumination to characterize their behavior completely.
These issues continue to be under investigation.
IV. Conclusions
It was demonstrated that DNG metamaterials can be designed, fabricated, and tested with normal microwave engineering tools. Both HFSS and FDTD calculations of DNG MTMs illustrated their properties. Metamaterials consisting of CLS and SRR inclusions were introduced. Slabs of non-planar and a planar types of MTMs with these CLS and SRR inclusions were fabricated. Both MTMs were tested with reasonable comparisons between the predicted and measured results. More costly and more accurate fabrication processes should lead to more precise comparisons.
A set of effective material parameter extraction formulas were derived from the reflection and transmission data for normally incident plane wave illumination and were applied to the MTM results from the HFSS simulations. A simpler MTM geometry was introduced for application of these extraction formulas. It was shown that both the permittivity and permeability exhibit strong resonance regions and become negative there. Metamaterials with mainly dielectric and magnetic properties were presented as special cases of the complete MTM. Magnetic conductor properties were demonstrated with the SRR-only MTM special case.
Moreover, the complete, simple MTM example showed that matching can be achieved. Application of this material parameter extraction process to the more complex planar MTM demonstrated that it too achieves the DNG and matching properties. Thus, the corresponding fabricated planar MTM slab would also.
Other MTM designs are currently being studied. Their integration into a number of antenna and sensor applications are currently under investigation and will be discussed in future publications. 
